Aims Ion channel reorganization is a critical step in the pro-arrhythmogenic remodelling process that occurs in heart disease. Ankyrin-B (AnkB) is required for targeting and stabilizing ion channels, exchangers, and pumps. Despite a wealth of knowledge implicating the importance of AnkB in human cardiovascular physiology, nothing is known regarding the role of AnkB in common forms of acquired human disease.
Introduction
Heart disease is a leading cause of death in the US, with arrhythmia being the immediate cause of death in most cases. 1 Myocardial infarction (MI) triggers dramatic structural and electrical remodelling of the heart, creating an arrhythmogenic substrate and promoting advancement of disease (e.g. heart failure). 2 Electrical remodelling has been studied extensively in a thin rim of surviving tissue neighbouring the infarct (infarct border zone, BZ), because re-entrant arrhythmias are highly localized to the BZ region. [2] [3] [4] Electrical remodelling is a complex, time-dependent process involving changes to a host of sarcolemmal ion channels and transporters. 4, 5 An elegant series of studies have shown subcellular redistribution of ion channels within days following coronary artery occlusion in areas corresponding to locations of re-entrant circuits, [4] [5] [6] [7] [8] suggesting a pro-arrhythmic role for ion channel subcellular redistribution post-infarction. The molecular mechanisms responsible for electrical remodelling are not well understood.
Ankyrins are a family of adapter proteins with critical roles in vertebrate physiology. Over the past 5 years, ankyrins have been implicated in cardiovascular function. Specifically, both ankyrin-G and ankyrin-B (AnkB) have been associated with human ventricular tachycardia. 9, 10 Ankyrin-B (encoded by human ANK2) dysfunction is associated with a complex cardiac phenotype in humans [type 4 long QT syndrome (LQTS) or 'ankyrin-B arrhythmia syndrome']. 10 Human ANK2 variant carriers display a range of cardiac phenotypes, including sinus node dysfunction, conduction defects, and ventricular tachycardia. [10] [11] [12] To date, nine ANK2 loss-of-function variants have been identified in the human population, each with unique cellular properties. 10, 12 Mice lacking AnkB phenocopy type 4 LQTS and AnkB-deficient cardiomyocytes display abnormal calcium homeostasis due to abnormal targeting of key membrane proteins, resulting in cellular afterdepolarization. 10, 13 The role of AnkB in common acquired forms of heart disease is unknown. Here, we present the first report of AnkB regulation in a large animal model of MI. Specifically, we demonstrate that abnormal AnkB mRNA and protein levels are present following MI in a well-validated canine model system. Furthermore, we identify parallel changes in the protein levels and/or membrane expression of AnkB-associated proteins Na þ /K þ ATPase, Na þ /Ca 2þ exchanger, inositol 1,4,5-trisphosphate (IP 3 ) receptor, and protein phosphatase 2A (PP2A). These findings identify a potential molecular mechanism underlying ion channel and transporter remodelling in hearts following MI and suggest a new class of functional channelopathies in common heart disease due to abnormal cellular localization.
Methods

Experimental model of myocardial infarction
A well-characterized and widely utilized protocol was employed to produce MI in healthy mongrel dogs. 6, [14] [15] [16] [17] [18] [19] [20] [21] Briefly, MI was produced by total coronary artery occlusion, as described previously. 19 A cardiectomy was performed 48 h, 5 days, 14 days, or 2 months after surgery. Thin tissue slices from visible epicardial BZ, where previous studies have shown re-entry to occur, 6 and from a remote area away from the infarct (left ventricular base) were flash frozen for analysis or subjected to a cell dispersion protocol. The collection and extensive characterization of myocytes from this preparation has been performed and published by our group. 8, 15, 18, 19, 22, 23 Specifically, isolated myocytes were identical in appearance to cells used previously for electrophysiological studies, 6, 18, 19, 22 showing triangular action potentials and reduced Na þ currents in the BZ. 18 This investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (Pub. No. 1996) .
Tissue lysates were prepared as described previously. 10 RNA was isolated using the RNeasy Kit (Qiagen) and quantified by spectrophotometer. cDNA was amplified using SuperScript III Reverse Transcriptase (Invitrogen) and the antisense primers for each specific product. Semi-quantitative polymerase chain reaction (PCR) was performed in 20 mL reaction volumes. Sense and antisense primers were used at a concentration of 10 mM. The PCR was performed using Taq polymerase and 40 cycles of 958C for 30 s, 638C for 30 s, and 728C for 30 s. Four dilutions (1:5) of each PCR reaction were run on a 2% agarose gel with no-template controls.
Primers and sequences
Primers were designed to canine sequences for ANK2 (Genbank XM_846341.1, sense 5 0 -CCC TGA ATG GTT TTA CTC CAC TGC-3 0 and antisense 5 0 -GGC CAG ACT CTG TTA TAG CTT GG-3 0 ) and CASQ2 (Genbank XM_845004.1, sense 5 0 -GCA GCT GTG GCC AAG AAA CTA GG-3 0 and antisense 5 0 -AAT GCC TGC AGC TCT CGT TC-3 0 ).
Immunoblotting
Ventricular lysates were prepared for immunoblotting analysis, as described previously. 10 Briefly, frozen tissue was ground into fine powder and resuspended in four volumes of buffer [1 mM NaHCO 3 , 5 mM EDTA, 1 mM EGTA, pH 8.0 containing 1 mM phenylmethyl sulfonyl fluoride, 1 mM 4-(2-aminoethyl) benzenesulphonylfluoride hydrochloride, 10 mg/mL aprotinin, 10 mg/mL bestatin, 10 mg/mL leupeptin, and 10 mg/mL pepstatin] and homogenized using a Dounce homogenizer. Equal quantities of protein lysate [protein concentrations determined using bicinchoninic acid (BCA) protein assay 24 Equal protein loading was verified by analysing Coomassie and Ponceau stains of gels and blots. Additionally, any slight differences in protein loading were corrected using an internal control standard [rabbit polyclonal antibody to actin (Sigma Cruz)].
Immunostaining
Myocytes were isolated from BZ and remote regions of infarcted hearts 5-days post-occlusion, as described previously. 18 A series of previously published studies by our group and others have documented this protocol as appropriate for both electrophysiological and immunofluorescence studies of isolated myocytes. 6, 15, [17] [18] [19] 23, 26, 27 Moreover, isolated myocytes were identical in appearance to cells used in identical studies to define electrical remodelling after MI. 6, 15, 18, 23 After isolation, myocytes were fixed in 4% paraformaldehyde, blocked/permeabilized in phosphate-buffered saline (PBS) containing 0.075% Triton X-100 and 3% fish oil gelatin (Sigma), and incubated in primary antibody overnight at 48C. After PBS washes, myocytes were incubated in secondary antibody (Alexa 488, 568; Molecular Probes) for 2 h at room temperature. Following secondary antibody treatment, cells were extensively washed, covered with Vectashield Imaging Medium (Vector), and cover slips (no. 1) were applied. Images were collected on a Zeiss 510 Meta confocal microscope [63 power oil 1.40 NA (Zeiss), pinhole equals 1.0 Airy Disc], using Carl Zeiss Imaging software (Release version 4.0 SP1). Images were collected using similar confocal protocols at room temperature. Images were imported into Adobe Photoshop CS for cropping and linear contrast adjustment. Antibodies include those described for immunoblotting and a mouse monoclonal antibody to alpha-actinin (Sigma). Alpha-actinin does not associate with AnkB and was used as a control protein to confirm that the reduced AnkB observed in BZ cells was not simply an artefact of the cell isolation procedure. For immunostaining experiments, antibodies were validated on cardiomyocytes by peptide blocking experiments or pre-immune sera. For confocal experiments, more than 20 cardiomyocytes were visualized for each condition.
Statistics
When appropriate, differences between groups were analysed with analysis of variance and least-squares difference post hoc test. A value of P , 0.05 was considered statistically significant. Values are expressed as mean + SD.
Results
Ankyrin-B mRNA levels are increased following myocardial infarction
Despite clear roles for AnkB function in normal cardiac physiology, there are no reports detailing AnkB regulation in common cardiac electrical diseases (e.g. heart failure and ischaemia). We therefore analysed AnkB (ANK2) mRNA levels in a well-validated, large animal post-MI model of arrhythmias 4 at 48 h, 5 days, and 14þ days post-occlusion (see section 2 for protocol details). Forty-eight hours postocclusion, we observed no change in canine BZ AnkB mRNA levels ( Figure 1 ; P ¼ NS). However, ANK2 mRNA increased significantly in BZ 5-day post-occlusion samples (Figure 1 ; P , 0.01), whereas AnkB mRNA levels in remote regions of same hearts showed no change ( Figure 1, 48 h, 5 days, or 14þ day; P ¼ NS vs. normal). ANK2 mRNA levels in the BZ returned to normal by 14 days post-occlusion ( Figure 1 , P ¼ NS vs. normal). Consistent with previous studies, 28 we observed no change in calsequestrin 2 (CASQ2) mRNA levels post-infarction (data not shown).
Ankyrin-B protein levels are reduced following myocardial infarction
We next performed immunoblot analysis to determine whether changes in ANK2 mRNA following MI would be reflected in AnkB polypeptide expression (Figure 2) . Surprisingly, AnkB protein levels were dramatically reduced in the 5-day BZ (P , 0.01), despite increased mRNA levels ( Figure 1) . AnkB protein expression in the BZ returned to normal levels by 14 days post-occlusion ( Figure 2 , P ¼ NS vs. normal), consistent with the time course of recovery in BZ ANK2 mRNA levels. We observed no statistical difference in AnkB levels in remote regions from normal, 5 day, or 14þ day post-occlusion hearts (Figure 2 ; P ¼ NS). Actin levels (loading control) were unchanged in either BZ or remote regions (Figure 2 ).
Ankyrin-B localization is decreased following myocardial infarction
We next investigated whether AnkB redistribution occurred in single myocytes isolated from the BZ 5 days post-occlusion using immunofluorescence. Previous studies demonstrate that AnkB is distributed both on the ventricular cardiomyocyte transverse-tubule network and on M-lines. 10, 25 Confocal analysis of 5-day post-occlusion BZ myocytes revealed reduced AnkB expression at myocyte membrane domains compared with remote myocytes (Figure 3 ; note punctate intracellular staining in the right panel), consistent with changes in AnkB protein expression (Figure 2) . Importantly, alpha-actinin cellular expression was nearly identical between remote and BZ myocytes (Figure 3) , an indicator that AnkB reduction in BZ myocytes is not simply an artefact of the cell isolation procedure.
Ankyrin-upstream cytoskeletal elements are unaffected in post-myocardial infarction heart
In excitable cells including cardiomyocytes and neurons, ankyrins are tightly linked with the underlying cytoskeleton by the large actin-associated molecule b 2 -spectrin. 25 Mice lacking spectrin isoforms display abnormal targeting of ankyrin polypeptides and down-stream ankyrin-protein partners (e.g. ion channels/transporters). 29 We therefore tested whether loss of b 2 -spectrin (primary cardiac spectrin isoform 25 ) occurred in parallel with loss of AnkB in 5-day post-occlusion BZ tissues. Unexpectedly, immunoblot analysis revealed no difference in b 2 -spectrin levels in BZ or remote regions at 5 days or 14þ days post-occlusion ( Figure 4) . Furthermore, we observed no difference in BZ or remote regions at 5 days in protein levels of a structurally similar member of the ankyrin family, ankyrin-R (see Supplementary material online, Figure S1) . These surprising data demonstrate that BZ remodelling occurs for AnkB, but not for functionally coupled upstream cytoskeletal elements. 
Densitometric measurements were made from all samples analysed on same gel and normalized to the corresponding actin levels from the same blot. Equal protein loading was ensured by BCA assay and verified by analysis of Coomassie and Ponceau stains of gel and blots. Figure 1 Ankyrin-B RNA levels increase in the border zone 5 days postocclusion. Representative gels showing AnkB and calsequestrin RNA levels in (A) border zone and (B) remote regions of non-infarcted (normal) and at 48 h, 5 days, and 14þ days post-occlusion. (C) Densitometric measurements of AnkB RNA levels in remote and BZ regions of non-infarcted (normal) hearts and at 48 h, 5 days, and 14þ days post-occlusion. Error bars designate standard deviation (*P , 0.01 compared with normal BZ or remote, n ¼ 4). AnkB values are presented in reference to a well-characterized internal control (calsequestrin 28 ) to ensure consistent sample preparation and gel loading.
Remodelling of ankyrin-B-associated proteins following myocardial infarction
Dramatic electrical remodelling occurs in myocytes isolated from the BZ 5 days post-occlusion, characterized by changes in ion channel properties and action potential morphology. 4 For example, loss of the transient outward K þ current, I to , and dramatic reduction of Na þ current, I Na , contribute to the reduced amplitude and diminished phase 1 early repolarization 'notch' of the BZ action potential 5 days postocclusion. 18, 19 Based on our data showing reduced AnkB expression in the BZ 5 days post-occlusion, we next determined whether parallel remodelling occurs for the known AnkB-associated ion channels and transporters Na þ /K þ ATPase, Na þ -Ca 2þ exchanger, and IP 3 receptor. 30 We found no significant difference in expression levels of the IP 3 R and NCX1 in BZ at 5 days or 14þ days post-occlusion when compared with normal (1.00 + 0.29, n ¼ 4; 1.05 + 0.54, n ¼ 4; and 0.66 + 0.37, n ¼ 3 in normal, 5 days, and 14þ days, respectively, for IP 3 R, P ¼ NS and 1.00 + 0.43, n ¼ 4; 1.00 + 0.18, n ¼ 4; and 0.79 + 0.54, n ¼ 3 in normal, 5 days, and 14þ days, respectively, for NCX1, P ¼ NS). However, NKA protein expression was dramatically reduced in the BZ 5 days post-occlusion when compared with normal ( Figure 5) , consistent with the reduction in AnkB expression ( Figure 2) . Interestingly, NKA expression remained significantly reduced even at 14þ days, revealing time course of recovery that follows recovery of AnkB. Immunoblots in Figure 5B indicate that, more specifically, NKA expression remains depressed at 14 days post-occlusion, but recovers to normal by 2 months.
Although we measured decreased expression of NKA by immunoblot in the BZ, we detected no difference in protein levels of NCX or IP 3 R. On the basis of the role of ankyrin in targeting ion channels to specific subcellular domains, we next determined whether subcellular redistribution of NCX and IP 3 R occurred in 5-day post-occlusion BZ myocytes. Immunofluorescence studies revealed cellular redistribution of both IP 3 R and NCX in BZ myocytes 5 days post-occlusion ( Figure 6) . Specifically, prominent t-tubular localization of NCX and IP 3 R is apparent in remote but not BZ myocytes. Thus, cellular distribution but not total protein levels of NCX and IP 3 R changes in the BZ 5-day post-occlusion.
Recent studies demonstrate that AnkB directly associates with the regulatory subunit of PP2A (B56a subunit). Error bars designate standard deviation (n ¼ 4 for each group, except 14þ day where n ¼ 3). Densitometric measurements were made from samples ran on same gel and normalized to the corresponding actin levels. Equal protein loading was ensured by BCA assay and Coomassie and Ponceau stains of gel and blots.
31,32
Furthermore, transgenic expression of a mutant PP2A that cannot bind B56a subunit (or any other B subunit) results in the increased expression of PP2A (catalytic subunit) and dilated cardiomyopathy. 33, 34 Based on these findings, we hypothesized that reduced AnkB levels would phenocopy this genetic intervention and also result in increased PP2A levels following MI. We therefore determined whether expression and/or distribution of PP2A was altered in the BZ. Interestingly, by 5-days post-occlusion, the expression of the PP2A catalytic subunit (constituent of the core enzyme) increased to more than three times its normal level (Figure 7) . These changes in the protein expression were paralleled by increased membrane expression of PP2A in BZ myocytes compared with remote 5 days postocclusion ( Figure 7C) . By 14þ days post-occlusion, PP2A protein levels in the BZ returned to normal levels (1.00 + 0.56, n ¼ 4 and 0.54 + 0.18, n ¼ 3 in normal and BZ, respectively, P ¼ NS, data not shown), following a similar time course as changes in AnkB expression (Figure 2) . These surprising data indicate that remodelling of AnkB post-infarction may trigger downstream remodelling, not only of ion channels and transporters ( Figures 5  and 6 ) but also of signalling molecules critical for normal cardiac function and linked to cardiovascular disease. 35, 36 
Discussion
We present the first report of AnkB regulation in an animal model of MI. Specifically, AnkB mRNA levels increase, whereas protein levels decrease in the 5-day BZ postinfarction. At the single myocyte level, expression and distribution of AnkB are dramatically affected post-infarction. We report that b 2 -spectrin levels are surprisingly unaffected by MI. Finally, we identify significant remodelling of downstream AnkB-associated proteins PP2A, NKA, IP3R, and NCX1. Together, these findings provide the first data on AnkB remodelling post-infarction and reveal that while functionally coupled ankyrin-upstream cytoskeletal elements are unaffected, downstream ankyrin-associated proteins important for cell signalling, excitability, and homeostasis are dramatically altered.
Abnormal action potentials in human heart disease were first reported almost 50 years ago. 5 Since then, important studies from several groups have revealed specific ion channel changes responsible for action potential remodelling after MI. [4] [5] [6] [7] 15, 18, 19, 23, [37] [38] [39] [40] [41] Although significant attention has been paid to remodelling of ion channel/transporter expression, distribution, and/or kinetics in heart disease, relatively little is known about roles or mechanism of abnormal channel localization in the remodelling process. AnkB Figure 6 Cellular redistribution of NCX and IP 3 R in border zone myocytes. Isolated myocytes from remote and BZ regions of 5-day infarcted hearts were immunostained using antibodies against AnkB (left), NCX1 (middle), and IP 3 R (right). Localization of NCX1 and IP 3 R in BZ myocytes is less pronounced at t-tubules in BZ myocytes, where AnkB expression is reduced. Scale bars, 10 mm. targets multiple ion channels, transporters, and signalling molecules in heart 13 ( Figure 8 ). Our findings that AnkB levels are reduced in BZ myocytes suggest a potential mechanism for ion channel and transporter remodelling in disease. Namely, these new data raise the prospect of dysfunctional channel targeting as a mechanism for arrhythmogenesis post-MI. In fact, we identified remodelling changes in the expression and/or cellular distribution of the AnkB-associated proteins PP2A, NKA, IP 3 R, and NCX1.
Previous studies have reported changes to AnkB-binding partners in heart disease. 17, 27, [42] [43] [44] [45] Although NKA activity has not been characterized in the infarct BZ, impaired NKA function is believed to play a role in abnormal intracellular Na þ homeostasis and NCX function in heart failure. [43] [44] [45] Our data indicate that similar downregulation of NKA in BZ myocytes may contribute to abnormal ion homeostasis post-infarction. 17, 27 Furthermore, our findings raise the important question of whether AnkB downregulation underlies NKA dysfunction in cardiac hypertrophy and heart failure.
Beyond changes in ankyrin-associated ion channels and transporters, we report altered PP2A expression in BZ myocytes 5 days post-occlusion. This unexpected finding has important implications for the role of AnkB in heart disease. PP2A upregulation has been associated with connexin43 dephosphorylation and slowed conduction in non-ischaemic heart failure. 35 Overexpression of the PP2A catalytic subunit has also been shown to impair cardiac function. 36 Previous studies from our group have shown that AnkB targets PP2A regulatory subunit (B56a) in cardiomyocytes. 31 Interestingly, the transgenic expression of mutant PP2A with impaired binding of the beta-subunit increases levels of core enzyme and produces dilated cardiomyopathy in mice. 34 It is intriguing to consider the possibility that AnkB downregulation in the infarct BZ promotes structural remodelling by impairing PP2A binding of the beta subunit and/or increasing the amount of the catalytic PP2A subunit, similar to the mechanism observed in transgenic mice. 34 It will be important for future studies to determine whether expression and/or localization of these and other AnkB-binding partners are altered in the BZ as a direct result of AnkB remodelling.
It is interesting to note that remodelling of AnkB and associated proteins follows a time course similar to electrical remodelling documented previously in the canine infarct BZ. 21, 23 Five days post-occlusion, action potentials recorded from isolated BZ myocytes show a very different morphology from those recorded in normal myocytes due to electrical remodelling. 21 These electrical differences largely disappear by 2 months (animals do not develop heart failure). Previous studies have shown that the time course of ion channel remodelling in the BZ closely follows the time course of AP changes. 23 For example, the transient outward current, I to , is completely absent from 5-day BZ myocytes, but re-emerges at 14 days post-occlusion and returns completely to normal by 2 months. 23 Following a similar pattern, AnkB and NKA expression levels decrease by 5 days post-occlusion but recover by 14þ days. Our studies indicate that although AnkB expression is normal in the 14-day post-occlusion heart, NKA levels remained depressed, suggesting that changes in NKA follow changes in AnkB. In contrast, Ca 2þ current shows a much slower time course of recovery with density and kinetics that remain different from normal even at 2 months post-occlusion. 23 Thus, it is very likely that multiple non-redundant pathways govern the remodelling process after MI. Future studies are required to dissect these different pathways and to define their unique roles in creating an arrhythmogenic substrate after MI. Furthermore, it will be important to establish causality between changes in AnkB and associated proteins.
The molecular mechanism responsible for decreased AnkB expression post-infarction remains to be determined. However, the AnkB protein expression decreases despite increased mRNA levels in the BZ. Furthermore, AnkB downregulation occurs without any change in b 2 -spectrin or alpha-actinin. These findings suggest that AnkB downregulation in the BZ most likely occurs post-translationally and without changes to important upstream cytoskeletal binding partners. It will be interesting for future studies to address whether regulation of AnkB occurs in other disease states (e.g. atrial fibrillation and acute ischaemia).
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